Abstract Hepatocyte exosomes (Exo Hep ) are proposed to mediate physiological or pathophysiological signaling in a variety of hepatic target cells. Exo
Introduction
Extracellular vesicles (EVs) are produced by many if not all cell types and consist of exosomes, microvesicles, and apoptotic bodies (Gyorgy et al. 2011; Raposo and Stoorvogel 2013) . Recent research on exosomes and microsomes has established their central role in cell-cell communication and the possibility of exploiting components of their molecular cargo for disease diagnosis or treatment (Thery 2011; Stremersch et al. 2016; Maas et al. 2017) . Exosomes and microvesicles contain a broad spectrum of microRNAs, mRNAs and proteins that are protected from extracellular degradation and which reflect the phenotypic status of their respective producer cells (Raposo and Stoorvogel 2013) . Both types of EV are able to mediate cell-cell transfer of their respective molecular payloads, resulting in transcriptional or translational modifications in the recipient cells that cause them to undergo phenotopic and functional changes (Thery 2011) . Despite these shared properties, EVs have distinct pathways of biogenesis in that microvesicles are formed by budding of the plasma membrane whereas exosomes arise by inward budding of multivesicular bodies (MVB) which then fuse with the plasma membrane causing their internal vesicles to be released as exosomes from the cell (Gyorgy et al. 2011; Raposo and Stoorvogel 2013) . Exosomes are typically smaller (50 -200 nm) than microvesicles (200-1000 nm) but additional features such as sedimentation characteristics or protein expression (e.g. tetrapanins such as CD81 which is considered exosomespecific (Kowal et al. 2016) ) are essential for correct identification.
Exosome biogenesis involves pathways that are either dependent or independent on endosomal sorting complex required for transport (ESCRT) machinery. In the ESCRTdependent pathway, at least 20 proteins are involved in the formation of complexes termed ESCRT-0, −I, −II, and -III that act with other accessory proteins to drive MVB formation by invagination and scission of endosomal membranes (Henne et al. 2011) . Certain ESCRT components such as TSG101 (ESCRT-1) or Alix (an ESCRT accessory protein) are commonly found in exosomes themselves, consistent with them having originated via the ESCRT pathway. Combined suppression of key ESCRT subunits to deplete the ESCRT pathway does not completely block MVB formation suggesting that other mechanisms contribute to MVB (and exosome) production (Stuffers et al. 2009 ). One such ESCRT-independent pathway involves incorporation of ceramide into the endosomal membrane and the subsequent development of lipid rafts that favor inward budding of the membrane (Trajkovic et al. 2008) . Ceramide is generated from sphingomyelin via the action of neutral sphingomyelinase 2 (nSmase2) and inhibition of this enzyme with the drug GW4869 or by gene knockdown has been shown to block exosome release or exosomemediated signaling in some cell types (Chairoungdua et al. 2010; Kosaka et al. 2010; Li et al. 2013; Charrier et al. 2014; Chen et al. 2014; Lang et al. 2016) . However, the roles played by the many components of the ESCRTdependent and ceramide-dependent pathways are very complex and the relative contribution of each pathway is likely dependent on the individual cell type as well as contextual and environmental factors. Additionally, many small Rab GTPases play important roles in exosome production because they regulate intracellular trafficking of endosomes (from which MVB originate) as well as transport of vesicles to the plasma membrane and their subsequent release from the cell (Blanc and Vidal 2017) . There is considerable cell-or context-specificity in the regulation of vesicle trafficking of Rabs, of which at least 30 different isoforms have been implicated in exosome biogenesis by virtue of their detection in exosomes themselves.
The production and action of EVs within the liver likely represents a central regulatory system that ensures its many functions are correctly orchestrated and that, on the other hand, may drive pathophysiological pathways during times of organ damage, infection, or disease (Maji et al. 2017; Szabo and Momen-Heravi 2017) . In view of the central role of hepatocytes as mediators of many hepatic functions, EVs produced by this cell type have attracted attention for their role in liver physiology and pathology. Even so, fundamental questions still remain regarding mechanisms regulating hepatocyte EV production and understanding their target cell repertoire, receptors, and actions. In this study we describe the biogenic pathways involved in the production of hepatocyte exosomes (Exo Hep ) and the manner in which components of these pathways are regulated in response to toxic stimuli such as ethanol. We also show that in vivo administration of Exo
Hep results in their accumulation in the liver where they preferentially bind to hepatic stellate cells (HSC, a normally quiescent cell type that becomes activated and highly fibrogenic after liver injury) or hepatocytes, the latter of which show enhanced Exo Hep binding during fibrotic injury. We further show that Exo
Hep binding to these target cells involves integrin-like and heparinlike interactions and results in attenuation of activationand fibrogenesis-related gene expression in activated HSC and of ethanol-mediated cytotoxicity in hepatocytes. 
Materials and methods

Experimental liver fibrosis
Cell cultures
Livers from Swiss Webster mice were perfused and digested with pronase/collagenase I for isolation of HSC which were purified by Opti-prep buoyant density centrifugation as described (Chen et al. 2011) . Alternatively, mouse livers were perfused and digested with collagenase I, homogenized, sieved, centrifuged and subjected to Percoll density centrifugation as described ). Hepatocytes were collected in the pellet while cells at the 25/50% Percoll interface were stained with antibodies to CD45 (APC Fire750, 30-F11, Biolegend, San Diego, CA), CD31 (APC, 390, Biolegend), CD146 (PE, ME-9F1, Biolegend), F4/80 (APC, BM8, Biolegend), and CD11b (PECy7, M1/70, BD Pharmingen, San Diego, CA), allowing luminal sinusoidal endothelial cells (LSEC) and Kupffer cells (KC) to be separated by flourescence activated cell sorting with an Influx cell sorter (BD Biosciences, San Jose, CA). Purity of each cell subset was verified to be >95% ). The various hepatic cell types from PKH67-Exo Hep -injected mice were collected by using Thermo Electron Shandon cytospins (Thermo Fisher Scientific, Waltham, MA), stained with 4′,6-diamidine-2′-phenylindole dihydrochloride (DAPI), and immediately analyzed by confocal microscopy for PKH67 and DAPI. HSC from control mice that underwent autonomous activation over the first 7-10 days of primary culture were maintained up to passage 6 in DMEM/F12 medium containing 10% fetal bovine serum (FBS), with a split ratio of 1:3 every 5 days. Hepatocytes were cultured in complete William E medium (Gibco, Billings, MT) containing 10% FBS or 1% FBS, the latter of which had been depleted of its instrinsic exosome components prior to use by serial step-wise centrifugation and ultra-centrifugation steps as described (Shelke et al. 2014) . AML12 mouse hepatocytes (American Type Culture Collection, Manassas, VA) were cultured in DMEM/F12/10% FBS supplemented with insulin, transferrin, selenium and dexamethasone (Chen et al. 2015) .
Hepatocyte exosome purification
Primary hepatocytes were cultured for 48 h in complete William E medium containing 1% exosome-depleted FBS while AML12 mouse hepatocytes were grown under serumfree conditions for 48 h after which the conditioned medium was subjected to two low-speed centrifugation steps (300×g for 15 min; 10,000×g for 30 min, 4°C). The supernatant was filtered (0.22 μm; Merck, Darmstadt, Germany) and centrifuged at 10,000×g for 30 min at 4°C from which the supernatant was the subjected to two sequential ultracentrifugation steps (100,000×g for 90 mins at 4°C) in a T-70i fixed-angle rotor (Beckman Coulter, Brea, CA, US) ). This procedure ensures uniformity of purified vesicles in the resulting pellet and prevents contamination by larger microvesicles (400-1000 nm) or apoptotic bodies (1-5 μm) (Gyorgy et al. 2011) . The pellet was resuspended in phosphate-buffered saline (PBS) and verified to contain exosomes (see below). For some experiments, AML12 exosomes were isolated using PureExo® kits (101Bio, Palo Alto, CA) according to the manufacturers' directions (Chen et al. 2015) . Exosomes from primary cultured hepatocytes or AML12 cells are hereafter termed BExo
Hep^. In some cases, exosomes were also isolated from AML12 cells that had been exposed to 10 ng/ml tumor necrosis factor alpha (TNFα) for 48 h, the latter 24 h of which also included incubation in the presence of 50 mM ethanol. These exosomes were termed BExo Hep-TNFα/EtOH^.
Exosome characterization
Exo
Hep were diluted to 10 7 -10 8 particles/ml in PBS for nanoparticle tracking analysis (NTA) using a Nanosight 300 (Malvern Instruments, Westborough, MA). Exosomes were also characterized by transmission electron microscopy (TEM) as described or by Western blot analysis as described below. Fluorescence activated nanoparticle sorting of Exo Hep with Cy3-labeled antiasialoglycoprotein receptor 1 (ASPGR1; GeneTex, Irvine, CA) was accomplished using the small particle detection capability of the Influx cell sorter (see above) that had been calibrated using 50-1000 nm diameter latex beads (Sigma Aldrich). For organ localization and cell binding studies, Exo
Hep were labeled with the fluorescent lipophilic membrane dyes PKH26 (red) or PKH67 (green), according to the manufacturer's specifications (Sigma-Aldrich) .
Exosome binding assays
PKH26-Exo
Hep were added (0-8 μg/ml) for up to 24 h to P4 mouse HSC or AML12 hepatocytes which were then washed in PBS and imaged using a confocal microscope (Zeiss, Obercochen, Germany) or lysed in lysis buffer (Boston Bioproducts, Ashland, MA) and measured at 590/540 nm using a Spectra Max® M2 microplate reader (VWR, Atlanta, GA), with normalization to total cellular protein to assess cell-associated PKH26 flourescence. In some experiments, target cells were co-incubated with 0-100 μg/ml RGD or RGE tripeptides (American Peptide, Sunnyvale CA), 0-100 μg/ml heparin or chondroitin sulfate (Sigma-Aldrich) or 0-100 μM ethylenediaminetetraacetic acid (EDTA; SigmaAldrich), or were pre-treated with 0-10 μg/ml rabbit antimouse integrin αvβ3 IgG (Bioss Inc., Woburn, MA), 0-10 μg/ml rat anti-mouse integrin α5β1 IgG (Millipore, Temecula, CA), or 0-10 μg/ml non-immune IgG (Santa Cruz Biotechnology, Dallas, TX). siRNA-mediated knockdown of specific integrin components was achieved as described below.
Effect of Exo
Hep on HSC or hepatocytes in vitro P2-3 mouse HSC were seeded in 6-well plates for 24 h in DMEM / 10% FBS, cultured in serum-free medium for 12-24 h and treated for up to 24 h with 0-8 μg/ml Exo Hep or Exo
Hep-TNFα/EtOH that had been isolated from primary hepatocytes. Expression of connective tissue growth factor (CCN2), alpha smooth muscle actin (αSMA) or collagen α1(I) mRNA was determined by quantitative real-time polymerase chain reaction (qRT-PCR; see below) and the presence of αSMA after a 48-h exposure to 10 ng/ml transforming growth factor beta (TGF-β) under serum-free conditions was determined by immunocytochemistry using anti-αSMA (1:1000; Dako Cytomation, Glostrup, Denmark). AML12 cells were incubated for 24 h in the presence or absence of 50 mM ethanol and/or 8 μg/ml Exo Hep and metabolic activity was assessed by the ability of the cells to reduce the tetrazolium dye 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) to its formazan using a commercial kit (Thermo Fisher ).
Uptake of exosomal SYTORNA Select TM into HSC or hepatocytes AML12 cells were treated with 500 nM SYTO RNASelect™ Green Fluorescent Cell Stain (Thermo Fisher) for 1 h. Using a modification of our previously described co-culture system Chen et al. 2015) , the cells were then placed on one side of a 2-well μ-dish system (Ibidi, Martinsried, Germany) and the other chamber was seeded with PKH26-stained HSC or hepatocytes. Upon removal of the central barrier, cells were allowed to directly communicate for 24 h, after which recipient HSC or hepatocytes were evaluated for uptake of SYTO RNASelect TM by confocal microscopy. Some experiments were performed in the presence of 10 μM GW4869 (Sigma-Aldrich), an inhibitor of neutral sphingomyelinase2 (nSmase2) which is required for ceramide biosynthesis (Chairoungdua et al. 2010; Kosaka et al. 2010) . In an alternative approach, SYTO-RNASelect™-loaded Exo Hep were purified from the medium of SYTO-RNASelect™-treated AML12 cells and incubated (8 μg/ml) with AML12 cells or HSC for 12 h prior to evaluating SYTO RNASelect TM uptake into the target cells by confocal microscopy.
Exosome biogenic pathways
AML12 cells were incubated in serum-free medium for 12 h after which the medium was removed and replaced with serum-free medium containing 0-75 mM ethanol. After 24 h, exosomes in conditioned medium were purified as described above and characterized by NTA. The effects of ethanol on production of components of the ceramidedependent or ESCRT-dependent pathways of exosome production were evaluated by qRT-PCR or Western blot as described below. The role of the ceramide-dependent pathway was established by treating target cells with 10 μM GW4869 or with nSmase2 small interfering RNA (siRNA), while the role of the ESCRT pathway was established using siRNA to Alix, HRS or TSG101.
siRNA-mediated knockdown of exosome biogenic pathway components or integrins siRNA to target molecules or negative controls were purchased from Thermo Fisher or Biolegend. To avoid offtarget effects, the siRNA preparations consisted of 3 targetspecific 20-25 nt siRNAs. 10 5 -10 6 AML12 cells were transfected with 100 nM siRNA by electroporation using a Nucleofector Kit (Lonza, Koln, Germany) and incubated for 12 h in medium containing 10% FBS which was then replaced with serum-free fresh medium. The effect of si-nSmase2, siAlix, si-HRS or si-TSG101 on exosome release by the cells after 24 h under serum-free conditions or after treatment with 50 mM ethanol was established by NTA of conditioned medium. The effect of si-integrin αv or si-integrin β1 on exosome binding to HSC or hepatocytes was determined using PKH26-Exo Hep binding assays. Knockdown was confirmed by qRT-PCR or Western blot analysis.
RNA extraction and qRT-PCR
Total RNA was extracted from AML12 cells or HSC cells using a microRNeasy Plus kit (Qiagen, Valencia, CA) and reverse-transcribed using a miScript II RT kit (Qiagen) according to the manufacturers' protocols. Transcripts were evaluated by qRT-PCR using an Eppendorf Mastercycler System and SYBR Green Master Mix (Eppendorf, Hauppauge, NY). Primers are shown in Table 1 . Each reaction was run in triplicate, and all samples were normalized to glyceraldehyde-3-phosphate dehydrogenase (GAPDH). Negative controls were a non-reverse transcriptase reaction and a non-sample reaction.
Western blot
Sodium dodecyl polyacrylamide gel electrophoresis analysis was performed on proteins (10 μg) extracted by detergent-solubilization of Exo
Hep or that were present in lysates of AML12 cells or HSC. The separated proteins were transferred to nitrocelluose membranes which were then incubated with antibodies to CD81, (1:400; ProSci, Poway, CA), CD9 (1:300; Lifespan Bioscience Inc., Seattle WA), flotillin-1 (1:500; Abcam, Cambridge, MA), anti-αSMA (Dako), integrin αvβ3 (Millipore, Burlington MA), integrin α5β1(Millipore), nSmase2 (Abcam), HGS (Thermo Fisher), Alix (Thermo Fisher), TSG101 (Thermo Fisher) or β-actin (Abcam). Blots were developed using enhanced chemoluminescence and signals were normalized relative to β-actin.
Statistical analysis
All experiments were performed at least three times with triplicate measurements, with data expressed as mean ± s.e.m. Fluorescence images were scanned and quantified using Image J software (NIH, Bethesda, MD). Data from qRT-PCR, NTA, and imaging were analyzed by student's t-test using Sigma plot 11.0 software (SPSS Inc., Chicago, IL). P values <0.05 were considered statistically significant.
Results
Characterization of hepatocyte exosomes
Extracellular vesicles from AML12 mouse hepatocytes were isolated from conditioned medium collected from cells that were maintained under serum-free conditions for up to 48 h. Processing of the medium using multiple sequential centrifugation steps or PureExo® kits resulted in the generation of samples that exhibited key properties of exosomes, including their appearance as~100 nm cupshaped vesicles as assessed by TEM (Fig. 1a) , mean size of 118 ± 28 nm as determined by NTA (Fig. 1b) and the presence of CD81, CD9 and flotillin as assessed by Western blot (Fig. 1b, inset ). Exosomes were also positive for ASGPR1, which is an abundant hepatocyte protein (Fig.1c) . Similar data were obtained for exosomes from primary mouse hepatocytes (data not shown). Thus, the principal hepatocyte vesicles isolated for this study had properties consistent with their identity as exosomes and are hereafter termed BExo
Hep^.
Effect of ethanol on production of exosome biogenic components and exosome secretion by hepatocytes AML12 cells were placed in serum-free medium for 12 h, and the medium was then replaced with serum-free medium containing 0-75 mM ethanol for the next 24 h. NTA of the conditioned medium showed that ethanol increased the concentration of exosomes by about 1.5-fold, but did not change their mean size or size-range (Fig. 2a,b) . Quantitative RT-PCR of vesicle trafficking Rab GTPases (Rab 5a,b,c, Rab 7a, Rab 27a,b) or of components of the ceramide (nSmase2) or ESCRT (HGS, Alix, STAM1, TSG101, VTA1, YKT6) exosome biogenesis pathways showed that the expression of all mRNAs were significantly enhanced by ethanol except STAM1 (which showed an upward but non-significant response to ethanol) and Rab 27a (which was decreased by ethanol) (Fig. 2c-o) . To verify that some of these components were functionally involved in Exo Hep production under basal conditions or in response to ethanol, an siRNA approach was adopted to block specific components that are known to play a key role in other cell types (Baietti et al. 2012; Colombo et al. 2013) . Under basal conditions, siRNA to nSmase2, HGS, or Alix reduced expression of their respective targets in AML12 hepatocytes, resulting in reduced mRNA and/or protein expression (Fig. 3a) as well as reduced Exo Hep production as assessed by NTA, except in the case of si-nSmase2 which caused a downward trend in Exo Hep frequency but this was not significant (Fig. 3b) . In response to ethanol, protein levels of nSmase2, HGS or Alix were increased (Fig. 3c) , consistent with their corresponding mRNA levels ( Fig. 2i-k) and treatment with individual siRNAs caused their ethanol-stimulated protein levels to be attenuated (Fig. 3c ) along with suppressed exosome production (Fig. 3d) . Whereas si-TSG101 also Fig. 3 Role of components of the ceramide or ESCRT pathways in exosome production in AML12 cells. a AML12 cells were transfected for 24 h with siRNA for nSmase2, HGS, Alix or TSG101 and were analyzed for expression of each target by qRT-PCR (n = 9, * p < 0.001 vs. ctrl siRNA, + p < 0.05 vs. ctrl siRNA, student's test). The insets show Western blots for the corresponding proteins using anti-nSmase2, anti-HGS, anti-Alix or anti TSG101 for which β-actin was used a loading control (not shown); data are representative of 3 individual experiments. b NTA of exosomes from a (n = 3, + p < 0.05 vs. ctrl siRNA student's test). c Western blot detection of nSmase2, HGS, Alix or TSG101 in AML12 cells that were treated with or without 50 mM ethanol for 24 h and that had been transfected with the indicated siRNAs. β-actin was used as loading control (not shown). Data shown are images of representative blots of 3 individual experiments (upper panels) or quantified densitometric scans (lower panels) (n = 3, *p < 0.001 vs. ctrl siRNA without ethanol; #p < 0.05 vs. ctrl siRNA with ethanol, student's test). d NTA of exosomes from c. (n = 3, + p < 0.05 vs. ctrl siRNA without ethanol; #p < 0.05 vs ctrl siRNA with ethanol, student's test). BCtrlr epresents cells treated with a scramble siRNA sequence reduced basal or ethanol-stimulated exosome production (Fig.  3b,d ), the underlying TSG101 expression pattern appeared discordant. For example, TSG101 mRNA levels were stimulated by ethanol (Fig. 2m ) whereas TSG101 protein levels were suppressed (Fig. 3c) . Additionally si-TSG101 transfection resulted, first, in substantially suppressed TSG101 mRNA levels but only slight diminution of TSG101 protein levels under basal conditions (Fig. 3a) and, second, a restoration of TSG101 protein levels that had been suppressed by ethanol (Fig. 3d) .
To determine targets of Exo Hep binding in vivo, 40 μg PKH26-Exo Hep or PKH67-Exo Hep were injected i.v. into Swiss Webster mice. After four hours, the major organs were harvested and directly imaged with the result that the fluorescent signal was localized exclusively to the liver (Fig. 4) . Isolation and confocal imaging of the main hepatic cell types revealed PKH67 fluorescence to be principally associated with HSC (quiescent) with weaker but appreciable staining of the hepatocytes as well (Fig. 4b) Hep to hepatocytes in vitro was increased after the target cells had been exposed to ethanol (Fig. 4d) .
Two approaches were used to demonstrate that the binding of Exo Hep to their target cells resulted in cellular uptake of exosomal cargo. First, incubation of SYTO RNASelect TM -containing exosomes (isolated from conditioned medium of SYTO RNASelect TM -treated hepatocytes) with HSC or hepatocytes resulted in accumulation of a green fluorescent signal in each cell type (Fig. 5a) . Second, using a customized 2-well μ-dish co-culture system Chen et al. 2015; , we documented transfer of SYTO RNASelect TM from hepatocytes to HSC (Fig. 5b) or to other hepatocytes (Fig. 5c ). This effect was blocked by GW4869 (Fig. 5b,c) , thus implicating the involvement of exosomes that were produced in a ceramidedependent manner and demonstrating that uptake of exosomal RNA by HSC or hepatocytes occurs at intrinsic levels of production and release of exosomes by donor hepatocytes. These results collectively demonstrated delivery of the RNA payload in Exo
Hep to both HSC and hepatocytes.
During chronic injury in the liver, HSC undergo a process of activation whereby they transition from quiescent fibroblastic cells to proliferative myofibroblasts that synthesize large quantities of contractile proteins (e.g. αSMA) or fibrogenic proteins (e.g. CCN2), leading to their overt production and deposition of insoluble fibrotic material (e.g. collagen) in the interstitial spaces. We were thus interested if the interaction between Exo
Hep and activated HSC resulted in a regulation of HSC gene expression. Treatment of activated HSC with Exo
Hep from primary hepatocytes or AML12 cells caused diminished expression of αSMA, CCN2 or collagen α1(I) assessed by qRT-PCR (Fig. 6a and data not shown) as well as decreased production of αSMA in response to TGF-β assessed by immunocytochemistry (Fig.  6b) . However, suppressed gene expression was not evident when activated HSC were treated with Exo Hep-TNFα/ EtoH (Fig. 6a) . Furthermore, ethanol-induced cytotoxicity in hepatocytes was reversed in the presence of Exo Hep as assessed by MTT assay (Fig. 6c) . Thus, exosomes from control non-damaged hepatocytes reverse the fibrosisassociated phenotype in HSC as well as toxin-mediated damage in hepatocytes.
Role of integrin-like and heparin-like binding between Exo
Hep and target HSC or hepatocytes
Binding of PKH26-Exo
Hep to HSC or hepatocytes was dosedependently blocked by heparin, RGD, or EDTA, but not by comparable concentrations of chondtroin sulfate or RGE (Fig. 7a) . The RGD-and EDTA-sensitivity suggested the possible involvement of integrins in the binding interactions between Exo
Hep and each type of target cell. Since we have previously shown that integrins αvβ3 and α5β1 expressed by HSC are important for engaging HSC-derived integrins , we investigated these integrins in the context of Exo Hep binding. Accordingly, binding of PKH26-Exo Hep to either HSC or hepatocytes was inhibited when the assay was performed after pre-incubation of the target cells with 1-10 μg/ml anti-integrin αvβ3 or antiintegrin α5β1 (Fig. 7c,d ). Whereas 10 μg/ml control IgG had no effect on PKH26-Exo Hep binding, the same concentration of anti-integrin antibodies caused a 95% decrease in PKH26-Exo Hep binding to HSC (Fig. 7c) and a 60% decrease in PKH26-Exo Hep binding to hepatocytes (Fig. 7d) . As we have successfully used an si-RNA approach to block exosome binding to HSC , we next adopted this strategy for verifying the integrin binding partners for Exo
Hep on hepatocytes. Treatment of hepatocytes with si-RNAs to the integrin αv or β1 chains resulted in decreased expression of their respective mRNA target and downstream production of, respectively, integrin αvβ3-or α5β1-immunoreactive proteins (Fig. 8a) . Each integrin knockdown was associated with a 90-90% decrease in PKH26-Exo Hep binding to the cells (Fig. 8b) . 
Discussion
Accumulating evidence has shown that EVs are produced by multiple cell types in the liver including hepatocytes, HSC, LSEC, and cholangiocytes (Maji et al. 2017; Szabo and Momen-Heravi 2017) . While it is speculated that these EVs participate in hepatic cell-cell communication, direct evidence is lacking because tools and models are lacking that would allow individual populations of exosomes to be tracked in situ from the time they are released by one hepatic cell to the time they are taken up by and act in another. Despite this limitation, a growing body of evidence, mainly from in vitro studies, supports the concept that important signaling events in the liver are orchestrated by hepatic exosomes. In this study we focused on exosomes produced by hepatocytes given the central role of this cell type in liver function. It was previously reported that normal primary rat hepatocytes in culture produce exosomes (approx. 50-60 nm) that are positive for ASPGR (Conde-Vancells et al. 2008) or microparticles (100-1000 nm) that are positive for annexin V (Povero et al. 2013) . Primary mouse hepatocytes were also shown to produce EVs that were identified as exosomes based on their size (50-200 nm) and expression of TSG101, CD63 and CD81 (Nojima et al. 2016) , the latter of which is currently considered to be exosome-specific (Kowal et al. 2016) . The EVs purified from mouse hepatocytes in the current study also had characteristics consistent with their identity as exosomes including their size (~100 nm), expression of CD81, and appearance as cup-like nanovesicles by TEM.
Our results show that exposure of hepatocytes to ethanol resulted an increased frequency of their released exosomes, consistent with previous data from Huh7.5 hepatocytes which, Exosomes were from primary hepatocyte cultures. (n = 9, *p < 0.001 vs. ctrl, student's ttest). b Immunocytochemical detection of αSMA in mouse P3 HSC that were treated under serum-free conditions with 10 ng/ ml TGF-β for 48 h, the last 24 h of which also included coincubation with 10 μg/ml Exo Hep from AML12 cells. Blue is DAPI, red is αSMA. Data shown are representative of 3 individual experiments. c MTT assay for primary mouse hepatocytes treated for 24 h with 50 mM ethanol in the presence or absence of 10 μg/ml Exo Hep from AML12 cells (n = 9, +p < 0.05 vs. ctrl, student's t test). Scale bars: 10 μm 
PKH26-Exo
Hep were added (8 μg/ml) to (a) P4 HSC or (b) hepatocytes for 24 h in the presence of the indicated concentrations of heparin, chondroitin sulfate, RGD, RGE, or EDTA, prior to measurement of cell-associated fluorescence by spectrophometric quantification of PKH26 in cell lysates (*p < 0.001 vs. B0^, +p < 0.05 vs. B0^, student's t-test). (c) P4 HSC or (d) hepatocytes were pre-treated for 1 h with 0-10 μg/ml anti-integrin αvβ3, 0-10 μg/ml anti-integrin α5β1, or 10 μg/ ml non-immune IgG after which the cells were extensively rinsed and then incubated for 24 h with 8 μg/ml PKH26 Exo
Hep . Cell-associated fluorescence was determined by confocal microscopy (upper panel) or spectrophotometric quantification of cell lysates (lower panel). Data are from triplicate determinations from 3 or 4 individual experiments. (*p < 0.001 vs. B0^; +p < 0.05 vs. B0^, student's t-test). Scale bars: 20 μm in response to ethanol, were reported to show increased exosome production and Rab 27b mRNA expression (Momen-Heravi et al. 2015) . Messenger RNA expression of all Rab GTPases or component of the ceramide-or ESCRTdependent pathways were either significantly increased by ethanol or at least showed an upward trend in expression (i.e. STAM1), with the exception of Rab 27a which was decreased by ethanol. Numerous studies in the EV field have established that exosome biogenesis and trafficking is very complex, involving many more components than those studied here and likely intersecting with other membrane biogenic and transport pathways. In a comprehensive attempt to define the role of individual ESCRT components in exosome release, RNA interference was previously employed to individually silence 23 different members of the ESCRT pathway in Hela cells, revealing that EV secretion was reduced by targeting HRS or STAM1 (ESCRT 0) or TSG101 (ESCRT1) or increased by targeting VPS4B or Alix (ESCRT accessory proteins), and that other EV features (size heterogeneity, composition) were variably altered (Colombo et al. 2013 ). Depletion of TSG101 or Alix resulted in reduced exosome production in MCF-7 cells (Baietti et al. 2012) . In light of these prior studies, we focussed our attention on the role of these particular ESCRT components in exosome production by hepatocytes using a siRNA approach. Our data show that exosome release was antagonized by transfection of the cells with si-Alix, si-HGS, or si-TSG101 in control and/or ethanoltreated hepatocytes. This outcome was consistent with the si-RNA mediated diminished expression of each target when assessed at the mRNA or protein level, except for TSG101 which exhibited seemingly inconsistent mRNA or protein responses to ethanol or RNA interference. It remains to be seen whether this discordance is due to ethanol-induced changes in TSG101 protein modification that reduce its antibody recognition, whether the TSG101 protein is less stable in ethanoltreated cells, or if there is another explanation. Despite these uncertainties, the ability of si-TSG101 to nonethlesss diminish exosome production by the cells supports a role for TSG101 in exosome biogenesis, as does the finding that TSG101 is a constituent of hepatocyte exosomes (Nojima et al. 2016) . In addition to the ESCRT pathway, the ceramide pathway was also implicated in contributing to Exo Hep production as shown by its sensitivity to si-nSMase2 (especially in ethanol-treated cells) and by the ability of GW4869 to block intercellular uptake of hepatocyte RNA into recipient HSC or hepatocytes. While our data supports an overall role for the ceramide and ESCRT pathways in basal or ethanol-stimulated exosome production in hepatocytes, other ESCRT-independent pathways may also be involved, such as those in which tetraspanins regulate exosome biogenesis or release (Escola et al. 1998; Chairoungdua et al. 2010; Nazarenko et al. 2010; Hurwitz et al. 2017) . Furthermore, these various pathways may not be strictly delineated and instead may have shared components and various levels of inter-dependency (Maas et al. 2017) . That said, our data suggests that inhibition of exosome production and release by targeting exosome biogenic pathways with drugs such as GW4869 or by gene silencing may have therapeutic value in hepatocarcinoma and chronic liver disease in which the exosomal payload is proposed to drive pathogenesis, as discussed below. However these strategies would need to be deployed in a hepatocyte-specific manner to prevent off-target effects.
Most studies of hepatocyte exosomes to date have focused on their potential contribution to pathogenic outcomes in the liver including their roles in progression of hepatocarcinoma (Moris et al. 2017) , intercellular transmission of hepatitis viruses (Tamai et al. 2012; Ramakrishnaiah et al. 2013; Nagashima et al. 2014 ) and T cell expansion or activation of macrophages or HSC following their delivery from damaged hepatocytes in models of hepatitis infection, alcoholic liver disease, non-alcoholic fatty liver disease, or non-alcoholic steatohepatitis (Momen-Heravi et al. 2015; Povero et al. 2015; Hirsova et al. 2016; Kakazu et al. 2016; Kouwaki et al. 2016; Verma et al. 2016; Lee et al. 2017) . While few studies have addressed the biological properties of exosomes from normal hepatocytes, their proteomic analysis led to speculation of their possible involvement in numerous processes usually associated with hepatocytes themselves, including fat and carbohydrate metabolism and detoxification (CondeVancells et al. 2008) . Our data further show that Exo Hep actually contain a molecular payload that exerts anti-fibrogenic actions in activated HSC and promotes reversal of ethanolic cytotoxicity in hepatocytes. These findings highlight an important functional difference between exosomes from healthy hepatocytes as compared to exosomes from lipid-laden or CCl 4 -treated hepatocytes which have been shown to promote HSC activation and to exacerbate experimental liver fibrosis (Povero et al. 2015; Seo et al. 2016; Lee et al. 2017) . Interestingly, the presence of sphingosine kinase 2 in mouse hepatocyte exosomes appears to contribute to their ability to drive hepatocyte proliferation in vitro or after acute (ischemia reperfusion) liver injury in vivo (Nojima et al. 2016 ). While we have yet to identify the molecular constituents in Exo Hep that account for the beneficial outcomes in HSC or hepatocytes, our data suggest that the exosomal cargo produced by normal non-injured hepatocytes may be therapeutic for liver fibrosis. Furthermore, since Exo Hep were also found to preferentially bind to quiescent HSC and non-injured hepatocytes in control animals, this may represent an innate regulatory mechanism that serves to prevent or resist hepatocellular damage or pathogenesis in otherwise healthy individuals. Although, KC or LSECs bound Exo
Hep to a lesser extent than hepatocytes or HSC, this does not rule out the possibility that Exo
Hep are nonetheless involved in functional regulation of these cell types. Moreover, the degree to which any given cell type of is a target of hepatocyte exosomes is likely reflective of the stage or type of liver disease and whether the exosomes are derived from hepatocytes that are healthy or damaged. For example, exosomes from alcohol-or lipid-treated hepatocytes have been reported to drive macrophage sensitization and inflammatory signaling (Momen-Heravi et al. 2015; Hirsova et al. 2016) .
A number of previous studies have shown that interactions between exosomes and their target cells involve integrins that are located either on the surface of the exosome (Thery et al. 1999; Rieu et al. 2000; Thery et al. 2001; Wubbolts et al. 2003; Clayton et al. 2004; Janowska-Wieczorek et al. 2005; Fedele et al. 2015; Hoshino et al. 2015; Kawakami et al. 2015) or of the target cell (Segura et al. 2007; Nolte-'t Hoen et al. 2009 ). The reduction in binding of PKH26-Exo
Hep caused by treatment of the target HSC or hepatocytes with anti-integrin antibodies and/or by transfection with integrin siRNAs provided evidence that the integrins involved were localized on the target cell rather than on Exo Hep . In the study here, we showed that Exo Hep binding to HSC or hepatocytes was dependent on the presence of integrin αv or β1 subunits in the target cells, consistent with the RGD-and EDTA-sensitivity of Exo Hep binding. Our findings are distinct from an earlier report in which a vanin-dependent mechanism was shown to be involved in the uptake by LSECs of microparticles (100-1000 nm) produced by fat-laden HepG2 hepatocarcimoa cells (Povero et al. 2013) . Previous studies have shown that HSC utilize cell surface integrins αvβ3 and α5β1 to bind to HSCderived exosomes or integrin β1 to bind to exosomes produced by LSECs (Wang et al. 2015) . Thus different exosome populations in the liver utilize similar mechanisms of binding to the same target cells suggesting that they may compete with one another for cellular binding and uptake and delivery of their respective payloads. Whereas we previously showed that HSC-derived exosomes do not strongly associate with hepatocytes , the current and previous studies (Nojima et al. 2016 ) identified hepatocytes themselves as targets of hepatocyte exosomes in both acute and chronic injury models. While our data show that the expression of integrins αv and β1 by target hepatocytes are important for their binding to Exo Hep , the identity of their corresponding ligands on the exosome surface must await further study. We also showed that Exo Hep binding to HSC or hepatocytes is displaced by heparin but not chondroitin sulfate, suggesting that the binding interactions are also dependent on heparin-like molecules on the surface of the exosome or target cells. While the precise role played by heparin-like molecules and the identity of their cognate ligands requires additional study, recent findings have shown that cellular heparan sulfate proteoglycans are also involved in the binding of HSC-derived exosomes to HSC or of U-87 glioblastoma cell-derived exosomes to U-87 or Chinese Hamster Ovary cells (Christianson et al. 2013) .
In summary, the release of exosomes by hepatocytes is stimulated by ethanol and is correlated with ethanol-induced changes in expression of Rabs as well as components of the ceramide-or ESCRT-dependent biogenesis pathways, the latter two of which functionally involve, respectively, nSmase 2 or HRS, Alix, and/or TSG101. Exo
Hep preferentially bind to HSC or hepatocytes via mechanisms that involve heparin-like molecules and cellular integrins αvβ3 or α5β1 resulting in a reversal of activation and fibrogenic gene expression in activated HSC and of ethanol-induced damage in hepatocytes.
